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We show that the surface tension of fluid near the critical point may be correctly described by
taking into consideration the microscopic structure of the system using a φ4 field theory. We revise
the theory of the surface tension near criticality to take into account a microscopic structure of the
fluid. Focusing on the case of the Lennard-Jones fluid, we express the surface tension in terms of
the compressibility of the reference hard-core system and its derivatives with respect to density. We
demonstrate that the obtained analytical microscopic expression for the surface tension near the
critical point is in a good agreement with numerical experiments, which emphasizes the impact of
microscopic structure on the critical behavior of the surface tension in fluids. Our analysis provides
a basis for studying the surface tension in small-volume systems important in many technological
applications.
I. INTRODUCTION
The behavior of the surface tension (ST) has been a
subject of continuous experimental and theoretical at-
tention for many decades [1–27], with a wide variety of
applications including the membranes in living cells [7],
molecular films of nano-phase separated mixtures [6], the
nucleation [3], and the stability of spin-glass phases [5].
On the nano-scale, among other things, the attention is
also focused on the phase transitions in liquid solutions
within fractal nanoscale pores, where the behavior of the
surface tension can be the dominant mechanism for the
stratification [8, 9]. To date, theoretical studies of the
ST usually involve density functional theory, which often
gives a reasonable estimate of the ST [2–4]. Moreover, the
density functional theory can not be applied beyond the
mean field (MF) level to study the critical region, where
critical fluctuations should be considered. In this paper,
within the formalism of the φ4 field theory we show that
the surface tension of fluid near the critical domain may
be properly described by taking into account the micro-
scopic structure of the system. The derivation of the ST
of fluid from the microscopic structure is of fundamental
importance for basic science as well as for applications
[5–9] ranging from biophysics to technological processes.
The detailed understanding and appropriate interpreta-
tion of the ST on the microscopic level is strongly de-
sired because such knowledge is, for instance, important
for wetting processes and capillary effect in small-volume
systems.
The surface tension near criticality in the thermody-
namic limit for a ld cubic lattice system vanishes as
γ(t, l → ∞) = γ0tµ, where t ≡ (Tc − T )/Tc, and t > 0,
µ is the interfacial tension critical exponent, and γ0 is
the amplitude. Below the critical temperature Tc of the
fluid there is the surface tension γ that appears in an
interface between two pure coexisting phases of the sys-
tem, defined as the free energy of inhomogeneity per unit
area on the interface [2, 3]. The vicinity of the critical
point can be described by a continuum model with the
Hamiltonian of the φ4 field theory written in terms of a
one-component order parameter φ ≡ φ(x) in an arbitrary
external field h ≡ h(x):
βH =
∫
ddx
[
(∇φ)2
2
− τ0φ
2
2!
+ g0
φ4
4!
− hφ
]
, (1)
where β is the reciprocal of Boltzmann’s constant times
the temperature T , d is dimensionality, and the coeffi-
cients τ0, g0 are functions of T . The order parameter
φ is of different physical nature in different systems and
may be: density, composition of the fluid mixture, mag-
netization, etc. The universality of the transition at the
critical point allows to consider a mapping of the system
under consideration on a continuous scalar real φ4 field
model [28, 29]. The field-theoretical methods, elaborated
especially for the φ4 field theory may be then applied to
describe the critical fluctuations and derive an analyt-
ical expression for the surface tension as a function of
parameters of the Hamiltonian (1). In the literature, for
the φ4 field theory model, it is common to consider the
coefficients of the Hamiltonian without reference to their
connection with the microscopic structure of the system
[28–32]. However, a series of measurements of the ST
covering a wide range of temperatures [17, 18] shows that
such an approach fails to give a satisfactory explanation
of the experimental MD and MC data at critical domain.
The analytical formula of the ST developed by Bre´zin and
Feng [11] by means of Wilson’s -expansion [33], where
 = 4−d, generally shows a better agreement with exper-
iments for → 1, but still there is some discrepancy with
the data [13]. Mu¨nster [15] suggested an alternative anal-
ysis in the framework of quantum field theory, and de-
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2rived the ST for d = 3. However, in all these approaches
the choice of the coefficients of the Hamiltonian is to a
great extent arbitrary. One of the known attempts to
include the microscopic structure into analytical consid-
eration of the ST for fluids in the case of the hard spheres
reference system was made in [19]. But, the announced
result was never published to the best of our knowledge.
It uses the approach derived by Hubbard and Schofield
[34] where the effective Landau-Ginzburg-Wilson (LGW)
Hamiltonian for fluids was derived by an exact mapping,
based on the transformation of variables. Still, these
studies of the ST and the fluid criticality by means of
the LGW Hamiltonian approach were performed within
the MF approximation where critical fluctuations are not
considered. An alternative analysis with the inclusion of
microscopic structure into the consideration of the ST
based on the statistical field theory for a fluid was made
by Caillol in [20], where a qualitative description of a
planar liquid-vapor interface was obtained.
In this paper, we study the surface tension of fluid near
the critical point by considering the microscopic structure
of the system using a φ4 field theory. For this, we express
the coefficients of the φ4 theory Hamiltonian in terms of
the compressibility of the reference system and its deriva-
tives with respect to density. We show that the derived
analytical microscopic expressions for the ST allows to
obtain this quantity for the given temperature, density,
and interaction potential. Further, in order to verify our
analytical results, we also derive the microscopic expres-
sion for the critical behavior of the ST obtained using the
parameters of the LGW-Hamiltonian for fluids. Thus, at
the MF level, we show that our analysis accurately repro-
duces dependencies for the microscopic expression of the
ST obtained by a different approach [19]. We show that
using the microscopic interpretation of parameters of the
φ4 Hamiltonian we achieve the qualitatively and quanti-
tatively good agreement with the numerical simulations
of the ST for fluids near the critical point.
II. METHOD AND MODEL
The ST is an essential characteristic of material inter-
faces. Physically, liquid surfaces are in a state of tension
because fluid molecules at the surface or near it expe-
rience unequal molecular forces of attraction. The ST
leads to a microscopic localized “surface force” that acts
on fluid elements at interfaces in both the normal and
tangential directions.
To highlight the impact of microscopic structure of
fluid on the ST, we consider the one-component system
of classical particles interacting via a pairwise potential
w(r) which is supposed to be short-range (rd+2w(r)→ 0
in d dimensions as r → ∞), such that the system pos-
sesses a thermodynamic limit and a liquid-vapor criti-
cal point. In addition, we assume that the interaction
potential w(r) may be resolved into an attractive part
−v(r) 6 0 and the repulsive part ϕ(r) > 0 in such a way
that v(r) is bounded and has a positive Fourier transform
vk > 0 with the property vk = v0−v′′k2 + ..., for k small;
ϕ(r) should be as short-range as possible consistent with
these conditions. In order to be more specific, we shall
focus on the Lennard-Jones (LJ) pairwise interaction po-
tential w(r) = 4ε[(σ/r)12 − (σ/r)6] in three dimensions
(d = 3). We use the Weeks-Chandler-Andersen (WCA)
partition [35] of the LJ potential into attractive and re-
pulsive parts that gives for the attractive part:
v(r) =
{
ε, r 6 21/6σ
−w(r), r > 21/6σ, (2)
which is smooth in the core region, and for the repul-
sive part: ϕ(r) = w(r) + v(r). This partition provides
the best estimates for the thermodynamic functions in
the WCA perturbation scheme [35]. For the reference
system with the only repulsive interactions we use the
hard-sphere system with an appropriately chosen diam-
eter [36]: D =
∫ σ
0
dr [1− exp(−βϕ(r))] that gives the
effective diameter of the hard-sphere system, correspond-
ing to a repulsive potential ϕ(r) vanishing at r > σ.
Also, it reproduces the second virial coefficient for the
repulsive part. Note that recently, the case when the
reference system in addition to the hard-sphere repul-
sion includes also the short range attraction was con-
sidered by Trokhymchuk et al. [37]. For the hard-core
system [17, 39], one has the Carnahan-Starling equation
of state, which for the reduced isothermal compressibil-
ity yields z0 = (1− η)4/(1 + 4η + 4η2 − 4η3 + η4), where
η =
1
6
piρD3 - the packing fraction, and derivatives of z0
with respect to density ρ are defined as z1 ≡ ρ∂z0/∂ρ,
z2 ≡ ρ2∂2z0/∂ρ2. The compressibility z0 can be related
to the zero-k value of the Fourier transform of the total
correlation function h˜(k) as 1 + ρh˜2(0) = β
−1ρχR ≡ z0
with χR = ρ
−1(∂ρ/∂pr)β , where pr is the pressure of the
reference fluid. The function h˜2(0) may be expressed in
terms of the zero-k value of the Fourier transform of the
direct correlation function c˜(k) by means of the Ornstein-
Zernike relation (see also Appendix A). The functions
h˜(k), and c˜(k) are commonly used for describing the mi-
croscopic structure of a simple fluid [36].
To describe the surface tension γ(τ) close to the critical
point in the one-loop approximation, we use an expres-
sion for γ(τ) derived by Bre´zin and Feng [11]
γ(τ)
kT
=
4
√
2
g
[
1 +

4
(
1− ln 2− pi
√
3
9
)]
τ3/2−/4,
(3)
which is written in terms of renormalized parameters τ ,
g of the φ4 Hamiltonian (1), and relate these parameters
to the microscopic structure of the LJ-fluid. In the MF
approximation we have [11]
γMF
kT
=
4
√
2
g
τ3/2, (4)
3which yields the van der Waals surface tension exponent
µ = 3/2. We notice that the renormalized parameters τ ,
g are associated with the parameters τ0, and g0 through
the relations: τ0Z = τZ2, and g0Z
2 = ΛgZ1 (see Ap-
pendix B). Here, the minimal subtraction renormaliza-
tion scheme is used, in which Z’s are power series in g
with coefficients containing only multiple poles in , but
no finite part [11, 28] (also see Eq.(24) in [11] for the
one-loop Z-counterterms).
First, we derive the field theoretical Hamiltonian from
the fluid-Hamiltonian (A.1) (see Appendix A). Then, in
order to take into account the relationship between pa-
rameters of the φ4 Hamiltonian (1) and the microscopic
structure of the LJ-fluid, we express these parameters
in terms of the compressibility z0 of the reference sys-
tem and its derivatives zi with respect to density. Thus,
we arrive at the φ4 field theory Hamiltonian (1) with
new generalized microscopic expressions for its coeffi-
cients that in three dimensions (d = 3) are written as
τ0 = ρz0(ρcκ)
−1 + u23(2g0κ
3)−1 − (βv0ρcκ)−1
g0 = −(ρ/ρc)z0κ−2
[
z21 + z0(z0 + 4z1 + z2)
]
h = µ′(v0ρcκ)−1 + ρ(ρcκ)−1
−
[
τ0 − u
2
3
6g0κ3
]
u3
g0κ2
κ =
3ρ
−1/3
c
40piD
[
λ2e(βεe)
−1 −∆] ,
(5)
where µ′ ≡ µ−(µR+v0/2) with µ - the chemical potential
of the fluid with the pairwise LJ potential w(r), while µR
is the chemical potential in the reference system, u3 ≡
−(ρ/ρc)z0(z0 +z1), ρc is the critical density, ∆ = 4η2(1−
η)4(16−11η+4η2)/(1+4η+4η2−4η3+η4)2, and constants
εe and λe characterize the effective depth and the effec-
tive width of the attractive part v(r) of the LJ potential
(2): εe = (4piD
3/3)−1
∫
v(r)dr = (4piD3/3)−1v0, and
λ2e = (3v0D
2/5)−1
∫
v(r)r2dr = (3v0D
2/5)−1v′′0 . Thus,
the compressibility and its derivatives with respect to the
density in (5), in its turn, are related with the intermolec-
ular interaction potential. For details we refer the reader
to Appendix A.
At the critical point the two phases merge into one ho-
mogeneous phase. The average density of our system is
ρ = (ρL + ρG)/2 ' ρc, and thus one can use ρc as the
reference density (see e.g. Fig.1, Top). Specifically, fol-
lowing the analysis near the critical point [28], one can
write for τ0: τ0 ' τ0c ≡ [ρz0(ρcκ)−1 + u23(2g0κ3)−1]c −
(βv0ρcκc)
−1 as it follows from (5). If then we use the
condition for the critical point τ0(βc, ρc) = 0, we obtain
τ0c = (βcv0κcρc)
−1 − (βv0κcρc)−1 = κ−1c αt. Finally, we
obtain a new generalization of the commonly used ex-
pression (3) for the surface tension in the one-loop ap-
proximation as
γ(τ)
kT
=
4
√
2
g0c
[
1 +

4
(
1− ln 2− pi
√
3
9
)]
(κ−1c Λ
2αt)3/2−/4,
(6)
and in the MF approximation from (4) we have
γMF
kT
=
4
√
2
g0c
(κ−1c αt)
3/2, (7)
where α = (βcv0ρc)
−1 = (8βcηcεe)−1, and the coefficients
g0c and κc are to be calculated at ρ = ρc, T = Tc. At
critical temperatures, in the field-theoretical description
the parameter Λ is an arbitrary inverse length scale [28]
(see also Appendix B). However, in our approach this
parameter has a certain physical meaning and measured
in ρ
1/3
c units (in three dimensions) - the inverse mean
molecular distance near the critical point.
We note that from (6) and (7) we can obtain expres-
sions for the ST in terms of the coefficients of the LGW
Hamiltonian H (A.5) in the MF and one loop approx-
imations (see Appendix B). In the critical domain, re-
peating the analysis done for the coefficients of the φ4
Hamiltonian, we obtain: a = −(βcv0ρc)−1t ≡ −αt, and
the coefficients bc and κc are calculated at the critical
point. In particular, from the equation (7) for the sur-
face tension in the MF approximation, for d = 3 we have
γMF
kT
=
4
√
2
bc
(κ1/3c αt)
3/2. (8)
The expression (8) reproduces the analytical microscopic
expression for the MF surface tension derived in [19]. So,
this verifies our approach to the critical behavior of the
surface tension at the microscopic level.
III. RESULTS
Now, we apply the analytical expressions for the sur-
face tension (6) and (7) with the microscopic parameters
defined by (5), to the case of space dimension d = 3, by
using the extrapolation  → 1 in the one-loop case, and
compare the results with the available data of numerical
experiments for the Lennard-Jones fluid.
In Fig.1 (Bottom) we show the plane of parameters
(g, τ) of the φ4 Hamiltonian calculated for the reduced
temperatures and the reduced densities obtained in [18]
and shown in diagram Fig.1 (Top).
In Fig.2 we compare the estimates of the MF theory
for the ST and its one-loop correction with experimen-
tal results. As follows from Fig.2 (Top) our theoretical
prediction within MF approach is close to results of the
numerical MC and MD experiments, except for the very
close vicinity of the critical point, where the mean field
theory loses its accuracy. Note that, the Fig.2 (Top) re-
produces the analogous MF dependence of the ST from
4GAS LIQUID
L+G
à
à
à
à
à
à
à
àà
àà
àà
àà
àà
à
æ
æ
æ
æ
æ
æ
æ
æ
ææ
ææ
ææ
ææ
æ æ
0.0 0.2 0.4 0.6 0.8
1.0
1.1
1.2
1.3
Ρ
*
T*
æææææ
æ
æ
æ
æ
æ
æ
æ
æ
æ
æ
æ
æ
æ
æ
æ
æ
æ
æ
æ
æ
æ
10 2015
0.001
0.01
0.1
1
g0HT*, Ρ*cL
Τ
0HT
*
,
Ρ
*
c
L
FIG. 1. (Color online) Top: The liquid-vapor phase diagram
in the case of the LJ-fluid derived in [18]. In the green circle
the critical point: (ρ∗c , T
∗
c ) = (0.316, 1.312) is marked. Here,
we consider the variables that reduced as follows: the tem-
perature T ∗ = kT/ε, the density ρ∗ = ρσ3, and the surface
tension γ∗ = γσ2/ε, where σ, ε are parameters of the LJ po-
tential; Bottom: The parameters (g, τ) of the φ4 Hamiltonian
calculated at the reduced density ρ∗c and reduced tempera-
tures T ∗ given in Fig. 1(top). Here α(ρ∗c , T
∗
c ) = 0, 2628,
κ(ρ∗c , T
∗
c ) = 0, 0506. The lines serve as a guide to the eye.
the temperature obtained in [19]. In Fig.2 (Bottom) we
see that in the very close vicinity of the critical point our
results for the ST in the one-loop approximation converge
better to experimental data than in the MF case.
IV. CONCLUSION
In the present work, in the framework of the φ4 field
theory model, we described the critical behavior of the
surface tension derived from the microscopic structure of
fluid. We illustrated that for the LJ-fluid near the criti-
cal point, the analytical expression of the surface tension
through microscopic parameters of the φ4 Hamiltonian,
allows to obtain a good agreement with MD and MC
simulations.
Finally, our results demonstrate the importance of in-
cluding the microscopic structure into the description of
the surface tension in fluids, which would be helpful for
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FIG. 2. (Color online) Top: The reduced surface tension γ∗
as a function of the reduced temperature T ∗ for LJ-fluid. The
dashed curve - the MF theory as it follows from (7). Points -
numerical data for the MD (blue) and MC (black) simulation
of LJ-fluid [17, 18]; Bottom: The reduced surface tension for
the LJ fluid versus T ∗ near the critical point. The dashed
curve – MF theory, the solid curve – the one-loop correction,
Eq.(6). Points - numerical data for the MC simulations of
LJ-fluid [18]. Inset: zoom for temperatures close to T ∗c =
1.312 emphasizing the good agreement of the one-loop result
(6) for the surface tension with the MC experiment. Critical
parameters for the LJ-fluid are taken from [18]. σ, ε are
parameters of the LJ potential [18].
better understanding of the experimental studies of the
critical phenomena. The calculations for the surface ten-
sion we presented in this paper in the framework of the φ4
field theory are general, and can be readily extended to
the microscopic models of other physical quantities near
the critical point.
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5APPENDIX A
In 1972 Hubbard and Schofield showed that if the pair-
wise interaction potential w(r) can be split into repulsive
φ(r) and attractive part −v(r), then the fluid Hamilto-
nian
Hfl =
∑
i<j
w(rij) =
∑
i<j
φ(rij)−
∑
i<j
v(rij), (A.1)
can be mapped, by means of the Hubbard-Stratonovich
transformation [34], onto the effective field theoretical
Hamiltonian
βH =
− h˜V 1/2φ0 +
∞∑
n=2
V 1−n/2
∑
k1,...,kn
u˜nφk1 · · ·φkn ,
(A.2)
where V = L3 is the volume of the system, and we im-
ply the summation over the set of k: ks =
2pi
L
ms with
s = x, y, z, and ms = 0,±1,±2, ...; also we assume the
thermodynamic limit L → ∞. The coefficients of the
Landau-Ginzburg-Wilson (LGW) Hamiltonian H read as
h˜ = µ′v−10 + ρ, and
u˜(k1,k2) =
1
2!
δk1+k2,0
[
β−1v−1k1 − 〈nk1nk2〉cR
]
,
u˜n(k1, . . .kn) = −V
n/2−1
n!
〈nk1 · · ·nkn〉cR , for n ≥ 3.
(A.3)
Here, the Fourier components of the density nk =
V −1/2
N∑
j=1
e−ikrj , with N - the number of particles, and
the Fourier transform of the attractive potential vk =∫
v(r)e−ikrdr, ρ = V −1/2 〈n0〉cR = N/V is the fluid
density, and 〈. . . 〉cR denotes the cumulant average calcu-
lated in the homogenous reference system. The cumulant
average of a product excludes all products of cumulant
averages of all subsets. The explicit form of the first few
cumulants is [41]
〈A1〉c = 〈A1〉 ,
〈A1A2〉c = 〈A1A2〉 − 〈A1〉 〈A2〉 ,
〈A1A2A3〉c = 〈A1A2A3〉 − 〈A1A2〉c 〈A3〉
− 〈A2A3〉c 〈A1〉 − 〈A1A3〉c 〈A2〉 − 〈A1〉 〈A2〉 〈A3〉 ,
(A.4)
while the general formula for calculating cumulants in
terms of averages has been obtained in [42]. As it follows
from Eq. (A.3) the coefficients of H depend on the cor-
relation function of the reference fluid with the repulsive
interactions only.
The next step in developing the fluid LGW Hamilto-
nian (A.2) was made in [38], where by using Eqs. (A.4)
and definitions of the particle correlation functions of
fluid [36], the cumulant averages 〈nk1 · · ·nkn〉cR and thus
the coefficients u˜n(k1, . . .kn) were expressed in terms of
the Fourier transforms of the particle correlation func-
tions of the fluid with the short range interaction. Also,
in [28], [38] it was shown that the effective Hamiltonian
(A.2), after using ρ
−1/3
c (for d = 3) as a scaling factor
for the length, can be transformed into the conventional
form
βH =
∫
dr
[
κ(∇φ)2/2 + a
2!
φ2(r) +
b
4!
φ4(r)
− h(r)φ(r)] ,
(A.5)
which is used to describe the behavior of many systems
with short range interactions, in the critical domain [28].
The microscopic expressions for the parameters of the
Hamiltonian H were obtained in [38]. Finally, after
rescaling the field κ1/2φ 7−→ φ, we arrive at the φ4 field
theory Hamiltonian (1) with microscopic expressions for
its coefficients (5). Further, we study the φ4 Hamilto-
nian (1) with the coefficients (5) by the field theoretical
methods.
APPENDIX B
We will consider in some detail the epsilon expansion
introduced by Wilson [33] and later developed by many
authors [28–32]. We demonstrate how it is applied to
the analysis of the behavior of the critical surface ten-
sion using the φ4 theory. Here, we follow an analysis by
Bre´zin and Feng from [11]. For the definiteness, we con-
sider a sample contained in a vertical cylinder of height
L and cross-sectional area A; if the spins point down in
the z = −L/2 plane and up in the z = L/2 plane, an
interface appears between two pure phases of opposite
magnetization.
The partition function for the system with the φ4
Hamiltonian (1):
expW [h] =
∫
Dφe−βH , (B.1)
and the Legendre transform Γ[φ] of W [φ] defined by
φ =
δW
δh
,
Γ[φ] = −W [h] +
∫
ddxh(x)φ(x).
(B.2)
In zero field the free energy is given by
βF = Γ[φc], (B.3)
here φc(x) is the solution of
h(x) ≡ δΓ
δφ(x)
= 0. (B.4)
The Eq. (B.4) must be supplemented by boundary con-
ditions. For up-up or down-down boundary conditions
at z = −L/2 and z = L/2, respectively, φc(x) is uniform
6and equal to the spontaneous magnetization M0. For
down-up boundary conditions, φc(z, ~x||) is independent
of ~x|| but vary with z between −M0 and M0.
In order to go beyond the mean-field theory, we use the
renormalized perturbation theory [28], [32]. The theory
with Hamiltonian (1) is regularized by considering its ex-
tension in dimension d = 4− . Divergences are removed
by expressing all bare couplings in terms of renormalized
ones. Thus, in terms of renormalized parameters we have
[28]
βH =∫
ddx
[
Z(∇ϕ)2
2
− τ Z2ϕ
2
2
+ Λg
Z1ϕ
4
4!
]
,
(B.5)
where Λ is equal to an arbitrary inverse length scale, so
that g is dimensionless; τ , proportional to Λ2, is a linear
measure of the temperature.
First, we consider a simpler model (mean-field) in
which the lowest approximation, in which we neglect all
fluctuations of the order parameter around its most likely
value, reduces to the Landau theory. Thus, at the MF
level ( = 0) for the free energy we have [28]
ΓMF [ϕ] =
∫
d4x
[
(∇ϕ)2
2
− τ ϕ
2
2
+ g
ϕ4
4!
]
. (B.6)
The renormalized critical free-energy (at one-loop or-
der) is [28]
Γ(1)[ϕ] =∫
ddx
[
Z(∇ϕ)2
2
− τ Z2ϕ
2
2
+ Λg
Z1ϕ
4
4!
]
+
1
2
Tr lnK,
(B.7)
with K = δ(x− y)
[
−Z∇2 − τZ2 + 1
2
ΛgZ1ϕ
2
]
.
There are several physical observables that might be
drawn from (B.7); they would all lead to a similar analy-
sis of the critical behavior. Here, we consider the critical
behavior of the surface tension as it was done in [11].
Below Tc there is the surface tension σ that appears in
an interface between two pure phases of opposite magne-
tization, defined in terms of the free energy F per unit
area A as
σ = (F↑↓ − F↑↑)/A, (B.8)
where the arrows specify the boundary conditions in the
planes z = L/2 and z = −L/2 correspondingly. Noting
that [11]
ΓMF↑↓ − ΓMF↑↑ =
A
∫ +∞
−∞
dz
[
1
2
(
dϕc
dz
)2
+
1
4!
g[ϕ2c
−(MMF )2]2] ,
(B.9)
in the MF approximation we obtain the expression (4).
Similarly, using the Eq. (B.7) the one-loop corrections
to the MF expression (4)(the first order in ) for the
surface tension, following Bre´zin and Feng [11], gives the
relation (3).
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